Abstract-An impulse-radio ultrawideband (UWB) photonic generation technique based on frequency shifting in the remote connectivity fiber in optical access networks is proposed and analyzed in this paper. This technique is based on optical carrier suppression modulation combined with fiber chromatic dispersion targeting to overcome the bandwidth limitation of optical upconversion, with the advantage of being easily reconfigurable generating simultaneously different RF bands. A comprehensive simulation analysis is performed with special focus on capabilities for dual 24 GHz/60 GHz operation paired with experimental demonstration at 1.24 Gb/s. 60 GHz wireless performance after optical generation and transmission in 12.5 km of standard single-mode fiber is measured demonstrating error-free transmission at 1 m radio distance. The inclusion of remote Gaussian-monocycle pulse shaping is also analyzed in this paper considering dual 24 GHz/60 GHz operation. Pulse-shaped dual 24 GHz/60 GHz generation is experimentally demonstrated at 1.24 Gb/s. Transmission performance is measured at 24 GHz demonstrating error-free transmission. The simulation analysis further indicates that the technique is suitable for UWB generation at higher RF bands such as the -band (75-110 GHz). Practical implementation considerations and trade-offs (e.g., in terms of cost and number of remote antenna units supported) of this system are also analyzed by simulation showing that the technique is cost effective.
I. INTRODUCTION
U LTRAWIDEBAND (UWB) is a radio technology supporting a wide variety of applications including multi-Gb/s, low-latency, short-range communications [1] . UWB signals have a minimum 10 dB bandwidth of 500 MHz or 20% fractional bandwidth [2] . UWB radio transmissions have been allocated in the frequency range from 3.1 to 10.6 GHz [2]- [4] . UWB can also operate in the 24 GHz band for vehicular short-range radar applications [5] , [6] . UWB operation in the 60 GHz band is an open opportunity to overcome coexistence issues with other radio technologies operating in the same frequency band such as 3.5 GHz WiMAX and 5 GHz Wi-Fi. UWB bandwidth in current regulation (up to 7.5 GHz) can be allocated very well in the unlicensed frequency range regulated for generic 60 GHz radio worldwide (57-66 GHz in Europe and Australia, 57-64 GHz in the U.S. and Canada, 59-66 GHz in Japan). Furthermore, UWB operation in the 60 GHz band permits to increase the mean equivalent isotropic radiated power (EIRP) density from dBm/MHz in current UWB regulation worldwide to 13 dBm/MHz [7] . This permits extending UWB reach provided the 20 dB larger free space path loss in the 60 GHz band is compensated. Nevertheless, the atmospheric attenuation in the 60 GHz band further limits outdoor reach [8] . 60 GHz UWB targets multi-Gb/s wireless personal area network connectivity in a home environment [9] , and also targets environments where interference is a critical issue like aircrafts, telecommunication operators, and government premises [10] .
Radio-over-fiber transmission of UWB signals (UWB-overfiber) has been indicated as a rapid and cost-effective solution to deliver high-bandwidth services in fiber-to-the-home (FTTH) networks [11] . UWB-over-fiber takes advantage of the high bandwidth of the optical media to centralize modulation and frequency upconversion. This simplifies remote antenna units, thus, simplifying the overall network architecture and reducing cost. This flexibility is of special interest for operators as UWB regulation is still evolving.
There are two major UWB implementations: 1) based on multiband orthogonal frequency-division multiplexing (OFDM) as defined in the ECMA-368 standard; and 2) based on impulse-radio technology. OFDM UWB provides high spectral efficiency (480 Mb/s per 528 MHz band) and single-chip solutions are available in consumer electronics devices targeting video streaming and wireless universal serial bus (wireless-USB) applications. On the other hand, impulse-radio UWB is capable of providing high-resolution radar ranging and localization applications providing simultaneously high-speed communications with much simpler implementation [12] .
Photonic generation of impulse-radio UWB signals has been widely investigated in recent years [13] - [16] . Optical techniques can overcome the difficulty of electrical techniques in generating reconfigurable high-bandwidth high-quality EIRP-efficient pulses. Furthermore, optical techniques remove the nonlinearity impact of electro-optical conversion due to the high peak-to-average power ratio of impulse-radio UWB signals. On the other hand, electrical single-chip transmitters have been demonstrated to offer low-cost and low-power-consumption gigabit solutions [17] . In order to generate impulse-radio UWB signals in the 24 GHz band and beyond, optical frequency upconversion is an attractive solution to reduce overall complexity and cost by centralizing broadband upconversion and network management [9] , [12] , [18] - [21] . Nevertheless, this architecture may find a competitor in a distributed single-chip solution based on baseband UWB over fiber and millimeter-wave upconversion using CMOS at front end. A few research groups have already demonstrated single-chip CMOS radios at 60 GHz. However, there are limitations such as device design and integration, making high-performance communication extremely difficult.
A number of impulse-radio UWB-over-fiber systems have been demonstrated in different RF bands. In the 3.1-10.6 GHz band, wireless distances below 1 m have been demonstrated meeting regulation and employing on-off keying (OOK) modulation up to 3.125 Gb/s [14] , [22] . In the 60 GHz band, combined transmission up to 40 km of standard single-mode fiber (SSMF) and wireless transmission at 5 m has been demonstrated employing biphase modulation at 1.44 Gb/s [9] . Finally, an optical system operating in the 75-110 GHz band ( -band) has been demonstrated up to 1.6 m of wireless distance employing OOK modulation at 2.5 Gb/s and dispersion-compensated link for high-density user in-building applications [23] .
This paper targets to provide a comprehensive simulation analysis paired with supporting experimental work in order to investigate the technical aspects and possible configurations of a multiband impulse-radio UWB optical generation tailored for UWB-over-fiber transmission in optical access networks.
The principle of operation of the proposed technique is presented in Section III. Section IV describes simulation work demonstrating multiband capabilities and addressing practical considerations. Dual-band operation is experimentally demonstrated in Section V employing two different system configurations. Enabling technologies for a simple and cost-effective practical implementation of the UWB-over-fiber system are discussed in Section VI. Fig. 1 depicts the application scenario considering optical generation of impulse-radio UWB signals and radio-over-fiber transmission through the remote connectivity fiber in an FTTH network. Photonic generation of impulse-radio UWB is capable of simultaneously generating UWB signals in different RF bands, ranging from baseband to millimeter wave. In this way, the same UWB signal can simultaneously provide a wide variety of functionalities [24] . The optical generation technique proposed can be integrated in FTTH networks delivering 60 GHz services such as high-speed data, high-definition audio/video streaming, and also to provide connectivity to an UWB-enabled cell phone operating in the standard UWB 3.1-10.6 GHz band, as depicted in Fig. 1 . Fig. 1 . Radio-over-fiber system integrating optical access network and outdoor/in-building radio transmission of multiband multi-Gb/s impulse-radio UWB signals for several applications. MAN: metropolitan area network. SSMF: standard single-mode fiber. RAU: remote antenna unit. RG: residential gateway.
II. IMPULSE-RADIO UWB IN REMOTE CONNECTIVITY FIBER
In this paper, we further investigate by simulation the capabilities of UWB over fiber to simultaneously generate an impulse-radio UWB signal in the 24 GHz band for vehicular radar and infrastructure-to-car communications applications served by an optical access infrastructure, as is also depicted in Fig. 1 .
The proposed UWB-over-fiber generation scheme requires upconversion at a central unit, head-end unit in Fig. 1 , and further frequency shifting to different RF bands. This is performed by different total dispersion in the fiber links providing remote connectivity. In addition, dual 24 GHz/60 GHz band generation is experimentally demonstrated employing a different system configuration and Gaussian-monocycle shaping at 24 GHz remote antenna units. Performing simple adjustable pulse shaping remotely is proposed to flexibly adapt the UWB spectrum to different fiber dispersion. This functionality is not available in previous photonic impulse-radio generation techniques to our knowledge. Gaussian-monocycle shaping can provide spectrum flexibility and could permit to radiate the baseband signal, which is also available after photodetection, in the 3.1-10.6 GHz band employing commercially available antennas [14] . Note that this paper is focused on dual 24 GHz/60 GHz band operation. Nevertheless, multiband operation is also addressed in this paper considering higher frequency bands, in particular the 75-110 GHz band. Higher frequency bands show large potential bandwidths available and lower atmospheric attenuation which could extend wireless reach for outdoor applications. This approach could be alternatively implemented introducing optical UWB generation in the FTTH residential gateway, RG in Fig. 1 , provided an in-home optical distribution network is in place, thus, reducing the potential impact of failure in the central head-end unit. Fig. 2 shows the technique proposed for generation of RF impulse-radio UWB signals in the optical domain. At the head-end unit, transform-limited optical pulses with pulsewidth and optical bandwidth are chirped and stretched in time to in a first dispersive element with total dispersion . The generation technique relies on the conversion of the spectral components of the pulsed laser to time domain (wavelength-to-time mapping). This is performed in the first dispersive element as long as the condition is met, where is the first-order dispersion coefficient [25] . The spectrally resolved pulses is the impulse-radio signal which is modulated with a local oscillator (LO) signal with frequency in an intensity electro-optical modulator to perform frequency upconversion. The modulated impulse-radio signal is dispersed in a second dispersive element with total dispersion for further frequency shifting. The second dispersive element stretches or compresses the impulse-radio envelope by a factor , resulting in further frequency downshifting or upshifting, respectively. Time stretching is performed when and have the same sign whereas the envelope is compressed in time when and have opposite sign [26] . Time compression or stretching of a time-reversed version of the impulse-radio envelope is performed when and have opposite sign so that or , respectively [27] . The envelope is the time-reversed version of the original envelope at (nor time compression or stretching). This chirped microwave amplitude modulation technique with matched dispersion has been demonstrated for several applications [26] , [28] . Chirped optical pulses that are amplitude-modulated by a microwave signal have been used for frequency shifting of the microwave signal [26] . The technique has also been used to increase the sampling rate and input bandwidth of electronic A/D converters [28] . The application of the technique for radio over fiber with multiband capabilities is proposed in this paper. In this application, the same fiber employed to provide remote connectivity, e.g., SSMF in FTTH networks, is employed as second dispersive element. The use of optical carrier suppression modulation by biasing a Mach-Zehnder modulator (MZM) at the minimum transmission point is also proposed for this application. This reduces RF power fading induced by fiber chromatic dispersion at the expense of reduced power [29] . RF power fading limits LO frequency without employing dispersion compensation [28] . Optical carrier suppression also relaxes frequency requirement of the upconversion stage for frequency shifting to the same center frequency in the same remote fiber. This frequency requirement is further relaxed when time compression is performed, thus, effectively reducing cost. Furthermore, two RF bands centered at and are generated in the same remote fiber after photodetection when optical carrier suppression modulation is employed. This enables upconversion to the same center frequency in two remote fibers with different total dispersion from the same head-end unit without employing dispersion compensation. Two additional total dispersions are possible for this purpose when the corresponding time-reversed versions are generated, i.e., the same value of with opposite sign is employed. In order to generate at a given center frequency simultaneously by total dispersions of remote fiber beyond the aforementioned four cases discussed, dispersion could be managed by adding remote dispersion compensation. This can be of interest in FTTH networks where different distances exist from the central head-end unit to the remote antenna units, the number of central head-end units being a trade-off for a high number of remote antenna units. Remote dispersion compensation could be centralized in residential gateways, shown in Fig. 1 , to simplify remote antenna units and reduce cost. However, the variation in the in-home fiber lengths could induce performance degradation limiting splitting ratios in FTTH to support more users. At the remote antenna units, RAU in Fig. 2 , the impulse radio UWB signals are photodetected, amplified, filtered, and radiated to the end-user terminals. The baseband signal is also available after photodetection, which can be used either for a wired connectivity employing a low-speed receiver or for UWB wireless connectivity in the 3.1-10.6 GHz band, shown in Fig. 1 , provided adequate pulse shaping is performed in the system [30] .
III. OPTICAL GENERATION BY FREQUENCY SHIFTING
The use of inverse dispersion fiber (IDF) for frequency shifting and remote connection poses an interesting solution for multiband generation of RF impulse-radio UWB signals performing both time compression and time stretching from the same head-end unit. Compared with dispersion compensating fiber (DCF), IDF is more suitable for optical transmission [31] .
IV. SIMULATION ANALYSIS
A model of the photonic generation technique depicted in Fig. 2 has been developed employing the simulation tool VPItransmissionMaker (version 8.3). The simulation model has been employed to design the system for the experimental demonstrations reported in Section V, taking into account the operation principle discussed in Section III. The simulation model has been verified from experimental measurements, as shown in Section V-A.
Multiband generation capabilities of the RF impulse-radio UWB generation technique have been investigated by simulation employing the experimental head-end unit in Section V-A. Furthermore, influence of UWB pulse shape has been analyzed including Gaussian-monocycle shaping in the system. The operational limits employing both Gaussian and Gaussian-monocycle pulse shapes have also been investigated by simulation considering impulse-radio UWB generation in the 24 GHz, 60 GHz, and 75-110 GHz bands.
In simulation, hyperbolic-secant pulses modulated with data at 1.25 Gb/s are generated at 1550 nm by an optical pulse transmitter. The pulses have 2 ps of full-width at half-maximum (FWHM) and 1.27 nm of 3 dB bandwidth, as in the experiments in Section V. Dispersive fiber is considered as first dispersive element. A dispersion coefficient of 17 ps/(nm km) at 1550 nm is considered for remote SSMF. 
A. Simultaneous Multiband Generation in Different Remote Fibers in FTTH Networks
The capability of the technique in Fig. 2 of generating impulse-radio UWB signals in different RF bands by remote fibers with different total dispersion from the same head-end unit has been investigated by simulation. The analysis is focused on the 24 GHz, 60 GHz, and 75-110 GHz bands. Multiband generation from the head-end unit configured as in the 60 GHz experiment in Section V-A is herein demonstrated. The optical bandpass filter (OBPF) limiting the optical bandwidth in the experiment is modeled as a Gaussian filter with 0.8 nm of 3 dB bandwidth.
UWB bandwidth centered at can be generated by 12.6 km of remote SSMF for 60 GHz, as shown in Fig. 3(b) ; and by 17 km of remote SSMF for 93.75 GHz, as shown in Fig. 3(c) . Upconversion to a center frequency of 25 GHz can be performed by 5 km of remote IDF with a dispersion coefficient of ps/(nm km) at 1550 nm, as shown in Fig. 3(a) . Other IDF lengths are supported provided IDF with a different dispersion coefficient is employed [31] . In addition, a center frequency of can be generated by 10 km of remote SSMF for 25 GHz, as shown in Fig. 3(d) ; by 18.8 km of remote SSMF for 60 GHz; and by 21 km of remote SSMF for 93.75 GHz. The corresponding lengths of remote SSMF when time reversal is performed are 55 and 40 km for 25 GHz, 37.4 and 31.2 km for 60.625 GHz, and 33 and 29 km for 93.75 GHz, respectively. This demonstrates that the technique can operate with remote SSMF with length exceeding typical FTTH distances. The number of central head-end units can be reduced by increasing the reach of the passive FTTH network. The goal is to reduce operating expenses. However, long fiber distances can induce RF power fading and also reduce splitting ratio, thus, reducing the number of remote antenna units served by a head-end unit.
Different total dispersion of remote fiber can induce different UWB bandwidth and tolerance to variation in the total dispersion of remote fiber, as shown in Table I . The smallest UWB bandwidth limits the maximum bitrate which can be provided by the head-end unit in different RF bands simultaneously. The higher the total dispersion of remote fiber, the UWB spectrum is more sensitive to the variation in the total link dispersion which can be induced by inaccuracy in the location of remote antenna units and by the thermal sensitivity of the dispersion coefficient of remote fiber. The higher the temperature variations, the lower the performance and, therefore, the number of users supported without employing adaptive dispersion compensation could be reduced. The maximum permissible performance degradation will determine the maximum in-home fiber distance to centralize remote fiber length compensation in residential gateways. For instance, for the configuration in Table I , performance does not vary significantly in the 60 GHz band for a variation in the remote SSMF length of 400 m. By considering the equivalent variation in the total dispersion of remote fiber, this could cover typical in-building connections to simple remote antenna units while tolerating reasonable temperature changes. Operational limits of the proposed technique have been investigated by simulation. Table II includes some examples of system parameters for impulse-radio UWB generation in the 24 GHz band, in the 60 GHz band as well as in the 75-110 GHz band. Note the influence of optical bandwidth on UWB bandwidth at GHz by comparing with Table I .
B. Gaussian-Monocycle Pulse Shaping
RF impulse-radio UWB generation employing Gaussianmonocycle pulse shaping has been investigated. The Gaussian-monocycle shaping is performed at the remote antenna unit in Fig. 2 based on a differential photoreceiver whose outputs are combined after adjusting their relative [10] . This permits to adjust UWB bandwidth by changing the delay depending on the remote fiber dispersion. The Gaussian-monocycle shaping introduces nulls in the spectrum, as shown in Fig. 4 , which are dependent on the relative time delay . The Gaussian-monocycle pulse shaping enables the generation of multiple RF bands in the same remote fiber as the spectrum lobes can be filtered individually. For instance, the 24 GHz band, the 60 GHz band, and the 75-110 GHz band, as shown in Fig. 4(b) . The bandwidth of the spectrum lobes is dependent on the pulsewidth in Fig. 2 and the monocycle delay . Furthermore, simulation results show that the spectrum of the RF Gaussian-monocycle signal is symmetric and centered at (or ) at certain equal-spaced values of the monocycle delay . These values are dependent on the LO frequency and the length of the remote SSMF performing the frequency shifting. Note that in Fig. 4 , there is overlapping between the baseband and the frequency band at and between the frequency band at and . Table III includes examples of operational limits when Gaussian-monocycle shaping is performed, which are suitable for impulse-radio UWB generation in the 24 GHz band, in the 60 GHz band as well as in the 75-110 GHz band.
V. EXPERIMENTAL DEMONSTRATION
The experimental setup for photonic impulse-radio UWB generation in the 24 GHz band and in the 60 GHz band is shown in Fig. 5 . At the head-end unit, an actively mode-locked laser (MLL) generates nearly transform-limited optical pulses with 2 ps of FWHM, 1.27 nm of 3 dB bandwidth, 9.9536 GHz repetition rate, and 1550 nm central wavelength. The pulses are OOK modulated with return-to-zero (RZ) data at 1.2442 Gb/s in an MZM biased at the minimum transmission point. The modulated pulses are chirped employing dispersive fiber and amplified by an erbium-doped fiber amplifier. An OBPF is employed to remove noise.
The bandwidth of the OBPF limits the optical 3 dB bandwidth to nm. Subsequently, the chirped pulses are modulated with an LO signal in an MZM ( of 3.7 V, 3 dB bandwidth of 35 GHz, and chirp) to perform frequency upconversion. The MZM is biased at the minimum transmission point to perform optical carrier suppression modulation. Further frequency upshifting or downshifting is performed employing the dispersion of remote-connectivity SSMF.
A. Optical Generation in the 60 GHz Band by Frequency Upshifting
The generation of impulse-radio UWB signals in the 60 GHz band has been demonstrated in a proof-of-concept experiment [24] by employing the SSMF in a typical FTTH network as depicted in Fig. 2 . The corresponding configuration of the dispersive fiber and LO at the head-end unit and of the remote-connectivity fiber is marked as (A) in Fig. 5 . Pseudorandom binary sequence data with a word length of are generated by a pulse pattern generator (Agilent 81134A). A DCF with dispersion ps/nm is employed as first dispersive element. The LO signal has a frequency of GHz. 12.5 km of SSMF ( ps/nm) provides FTTH connectivity while performs pulse time compression by a factor of . Fig. 6(a) shows the time-compressed optical pulses measured at point (1) in Fig. 5 , which exhibit 140 ps of FWHM. Frequency upconversion to 59.7216 GHz is achieved after photodetection (3 dB bandwidth of 75 GHz) at the remote antenna unit. The impulse-radio UWB signal in the 60 GHz band is amplified and filtered by a low-noise amplifier (18.7 dB gain, 55-65 GHz). Fig. 6(b) shows the electrical spectrum in the 60 GHz band measured at point (2) in Fig. 5 . The spectrum would meet current regulation in the 60 GHz band provided adequate LO frequency and RF filtering is employed. An LO frequency multiple of the bitrate has been employed in order to perform coherent detection without additional phase locking. As long as the LO frequency is multiple of the bitrate, the spectral peaks caused by the OOK modulation remain located at multiples of the bitrate after frequency shifting.
In order to verify the appropriate operation, the received impulse-radio UWB signal in the 60 GHz band is amplified by a high-power amplifier (28.7 dB gain) and down converted by electrical mixing with an LO signal. The LO signal is generated by frequency quadrupling of the same LO signal employed at the head-end unit. A phase shifter is employed for ensuring proper phase matching for accurate downconversion. The feasibility of the proposed generation technique is demonstrated combining fiber and radio transmission. Commercial rectangular horn antennas with a frequency range of 50-75 GHz, 20 dB gain, and 12 beam width are employed. Eye diagram and -factor are measured at point (3) in Fig. 5 by a digital communications analyzer (Agilent DCA 86100C, 20 GHz electrical bandwidth). The eye diagram exhibits a -factor of 11 without wireless transmission at dBm received optical power. -factor decreases to 9 after 70 cm of wireless transmission and to 6.6 at 1 m. Fig. 6(c) shows the eye diagram for 1 m of wireless transmission. Hence, the generation technique is demonstrated to be error free for 1 m of wireless distance at a maximum mean EIRP density of 29 dBm/MHz [24] , which is well below 13 dBm/MHz [7] . Note that in this experiment the maximum mean EIRP density is more restrictive than the maximum mean EIRP level of 40 dBm [7] and the maximum peak EIRP level of 43 dBm [32] . Additionally, the 60 GHz experimental system in configuration (A) in Fig. 5 has been simulated to verify the model developed in Section IV. An LO frequency of GHz is set in simulation. The frequency response and noise characteristics of the photodetector, the electrical amplifiers, and the mixer are included in simulation. The wireless channel is modeled as free-space losses. The DCA filtering is modeled as a Gaussian filter with an electrical bandwidth of 20 GHz and an optical bandwidth of 30 GHz. Fig. 7(a) shows the time-compressed optical pulses simulated at point (1) in Fig. 5 , which exhibit 140 ps FWHM. Fig. 7(b) shows the electrical spectrum in the 60 GHz band simulated at point (2) in Fig. 5 . The eye diagram demodulated employing an LO frequency of 60 GHz is shown in Fig. 7(c) , simulated at point (3) in Fig. 5 . The simulation results in Fig. 7 are in excellent agreement with the experimental measurements in Fig. 6 . 
B. Dual Generation in the 24 and 60 GHz Bands by Frequency Downshifting
The simultaneous generation of impulse-radio UWB signals in the 24 GHz band and in the 60 GHz band has been demonstrated by frequency downshifting in remote-connectivity SSMF. The corresponding configuration of the dispersive fiber and LO at the head-end unit is marked as (B) in Fig. 5 and the remote-connectivity fiber is marked as (B2) for the 24 GHz band and (B1) for the 60 GHz band. A fix RZ data pattern (1001000111101010) is employed. At the 24 GHz remote antenna unit, the optical pulses are photodetected by a differential photoreceiver (Teleoptix, 43 Gb/s photoreceiver with limiting TIA, DualPIN-DTLIA Rx) (3 dB bandwidth of 35 GHz). The outputs of the photoreceiver are combined after adjusting their relative time delay by an electrical delay line to generate a Gaussian-monocycle pulse shape [10] .
The UWB monocycles generated in the 24 GHz band at point (4) in Fig. 5 are demodulated by photonic envelope detection [33] without wireless transmission, as shown in Fig. 5 . The received 24 GHz impulse-radio UWB signal is amplified, and modulated with a tunable optical carrier (0.01 nm wavelength accuracy) in an MZM ( of 3.7 V, 3 dB bandwidth of 35 GHz) biased at the minimum transmission point to perform half-wave rectification. A fiber Bragg grating (FBG) filter selects one optical sideband corresponding to the envelope of the half-wave rectified optical signal. The envelope is measured by a DCA (Agilent DCA 86100C, 2.85 GHz optical bandwidth).
UWB generation in the 24 GHz band is demonstrated employing 2 km of SSMF as the first dispersive element ( ps/nm), LO signal at GHz, 5 km of SSMF ( ps/nm) providing remote connectivity while performing pulse time stretching by a factor of , and Gaussian-monocycle shaping with relative time delay ps. This configuration is marked as (B) and (B2) in Fig. 5 . Fig. 8(a) shows the electrical spectrum measured at point (4) in Fig. 5 , which would meet the current UWB regulation in the 24 GHz band [5] , [6] provided adequate filtering is performed. In the experiment, the filtering is performed by the combined frequency response of the electrical amplifier and FBG at the photonic envelope detector. Fig. 8 also shows the electrical spectrum measured at point (5) in Fig. 5 , the optical spectrum measured at points (6) and (7) in Fig. 5 , as well as the eye diagram measured at point (7) in Fig. 5 . The eye diagram exhibits a -factor of 11 demonstrating the feasibility of the generation technique when frequency downshifting is employed.
Frequency downshifting to the 60 GHz band of the Gaussian impulse-radio UWB signal is demonstrated from the same head-end unit for 0.7 km of SSMF ( ps/nm) providing remote connectivity while performing pulse time stretching by a factor of . This configuration is marked as (B) and (B1) in Fig. 5 . Fig. 9(a) shows the electrical spectrum measured at point (2) in Fig. 5 after high-power amplification and filtering (28.7 dB gain, 55-65 GHz). The baseband electrical spectrum is shown in Fig. 9(b) , which would meet current regulation in the 3.1-10.6 GHz band provided adequate filtering is performed. 
VI. PRACTICAL CONSIDERATIONS
The radio-over-fiber system providing UWB wireless connectivity remotely should be reliable, simple, and cost efficient. The use of an MLL, intensity modulators, and dispersive fiber at the head-end unit in Fig. 5 makes the system complex for real application. MLLs can offer picosecond pulses, excellent pulse quality close to transform-limited operation, and low noise to support a high number of remote antenna units with relative low cost [34] . The cost of the MLL could be reduced employing semiconductor MLLs compatible with chip integration [35] and new mode-locked fiber lasers [36] . In addition, data modulation and upconversion could be performed by a single integrated dual-cascaded MZM device, thus, reducing cost and size, for instance using silicon photonics technology [37] . Compared with dispersive fiber as first dispersive element, a linearly chirped FBG made with polarization-maintaining fiber can provide compactness and the required polarization stability permitting the use of a polarization-sensitive MZM for upconversion [38] , [39] .
In this paper, RF impulse-radio UWB generation has been demonstrated employing OOK modulation. Nevertheless, the technique could be employed with other modulation formats, such as biphase modulation [9] . Envelope detection can be employed for OOK signals to avoid the need for a phase-locked LO. Photonic envelope detection provides transparency to the RF frequency and devices realized using photonic integration are available [40] . Compared with the technique employed in this paper, photonic envelope detection based on full-or half-wave rectification and low-speed photodetection [12] , [13] would be simpler for application in the system herein proposed; however, it would be less tolerant to dispersion for uplink optical distribution of RF signals to a central unit. Alternatively, RF power detectors could provide simple and low power consumption detection [23] .
VII. CONCLUSION
Flexible photonic generation of RF impulse-radio UWB signals based on frequency shifting in optical access fiber has been proposed. Fiber dispersion can effectively reduce broadband upconversion cost. The technique can cover numerous applications simultaneously in different RF bands providing good cost and performance trade-off. Feasibility of the technique in FTTH networks delivering 1.24 Gb/s services has been experimentally demonstrated when operating in the 60 GHz band. Practical multiband capabilities and the limitations of this system have been addressed by simulation. Simulation analysis also indicates that Gaussian-monocycle shaping enables simultaneous multiband generation in the same fiber and can greatly increase flexibility when implemented remotely. Dual 24 GHz/60 GHz operation has been experimentally demonstrated when 24 GHz Gaussian-monocycle shaping is performed. The approach could operate in high RF bands such as 75-110 GHz as indicated by the simulation analysis. Some of the required components could be compatible with photonic integration to simplify the architecture.
